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Abstract
The degree of gene flow within and among populations, i.e. genetic population connectivity,
may closely track demographic population connectivity. Alternatively, the rate of gene flow
may change relative to the rate of dispersal. In this study, we explored the relationship
between genetic and demographic population connectivity using the Scandinavian brown
bear as model species, due to its pronounced male dispersal and female philopatry. Thus,
we expected that females would shape genetic structure locally, whereas males would act
as genetic mediators among regions. To test this, we used eight validated microsatellite
markers on 1531 individuals sampled noninvasively during country-wide genetic population
monitoring in Sweden and Norway from 2006 to 2013. First, we determined sex-specific
genetic structure and substructure across the study area. Second, we compared genetic dif-
ferentiation, migration/gene flow patterns, and spatial autocorrelation results between the
sexes both within and among genetic clusters and geographic regions. Our results indicated
that demographic connectivity was not a reliable indicator of genetic connectivity. Among
regions, we found no consistent difference in long-term gene flow and estimated current
migration rates between males and females. Within regions/genetic clusters, only females
consistently displayed significant positive spatial autocorrelation, indicating male-biased
small-scale dispersal. In one cluster, however, males showed a dispersal pattern similar to
females. The Scandinavian brown bear population has experienced substantial recovery
over the last decades; however, our results did not show any changes in its large-scale pop-
ulation structure compared to previous studies, suggesting that an increase in population
size and dispersal of individuals does not necessary lead to increased genetic connectivity.
Thus, we conclude that both genetic and demographic connectivity should be estimated, so
as not to make false assumptions about the reality of wildlife populations.
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Introduction
The viability of a species is heavily influenced by the genetic connectivity within and among
populations [1]. Gene flow is one of the main determinants of population genetic structure
and retention of genetic diversity. Therefore, knowledge about gene flow is important for wild-
life conservation and management, e.g., to outline rescue plans for threatened species, improve
inter-population connectivity, and predict impacts of climatic change, biological invasions,
and anthropogenic disturbances [2–6]. Demographic connectivity, i.e., dispersal, does not nec-
essarily translate into gene flow, i.e., genetic connectivity [7, 8], which is why the application of
genetic methods to assess effective dispersal, i.e., dispersal that leads to gene flow, is increasing
rapidly [9]. However, few studies compare genetic and demographic connectivity and little is
known about the interplay between these processes. Whether gene flow correlates with dis-
persal or not is a potentially important question, not only in wildlife conservation and manage-
ment, but also in evolutionary biology and ecology.
In this study, we have explored the relationship between genetic and demographic connec-
tivity using the brown bear (Ursus arctos) as a model species. Because of a successful comeback
after near extinction [10, 11], the brown bear in Northern Europe has been used in several
large-scale genetic studies of population connectivity, recovery, and range expansion [12–14].
Brown bears exhibit both long- and short-distance dispersal [15] and radio-telemetry studies
have shown that the species exhibits male-biased dispersal, with subadult male dispersers emi-
grating at higher rates and across larger distances than female dispersers [15–17]. A genetic
analysis has shown that females tend to form matrilineal assemblages, with a positive correla-
tion between relatedness and home range overlap [18]. It follows, thus, that the degree of gene
flow may be dependent on sex in the brown bear [19–21]. Accordingly, under the assumption
that gene flow closely tracks dispersal, philopatric females should shape genetic population
structure locally, whereas dispersing males should act as genetic mediators among regions. To
test this empirically, we contrasted sex-specific population genetic parameter estimates both
within and among genetic clusters with demographic data.
To this aim, we performed a sex-specific analysis based on STR (Short Tandem Repeats,
i.e., microsatellites), using the genotypes of 1531 brown bears obtained in the course of the
national and regional monitoring programs in Sweden and Norway. The spatial extent of sam-
pling covered the entire distribution of the Scandinavian brown bear population with a high
sampling density. We tested whether male and female population genetic structure differed,
both regionally and locally, and whether dispersal and gene flow estimates reflected the docu-
mented pattern of male-biased dispersal and female philopatry both within and among genetic
clusters and geographic regions. This approach allowed us to evaluate whether dispersal was a
useful indicator of gene flow.
Material and methods
Sampling and genetic analysis
Brown bears in Norway and Sweden are monitored by noninvasive genetic sampling of mostly
feces, but also hair. For this study, we utilized the 1461 georeferenced and unambiguous geno-
types (707 females, 754 males) obtained in the course of this monitoring between 2006 and
2013. In addition, we included 70 genotypes (35 males and 35 females) from legally shot bears
from Ja¨mtland in Sweden that originated from 2005–2013, with the exception of three females
from 1995, 1998 and 1999, and two males from 2003 and 2004. The entire study area reached
from ~60˚-70˚N and from ~8˚-30˚E, encompassing ~457000km2 and the longest distance
being ~1325km. The tissue samples were provided by the National Veterinary Institute of
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Sweden. No ethics permissions were required, as sample collection did not involve live animals
and was performed by the respective national monitoring authorities of Sweden and Norway.
Eight validated microsatellite markers (MU09, MU10, MU23, MU59, MU05, MU51, MU50
[22] and G10L [23–25]) were used for genotyping, which followed a strict analysis protocol
accredited according to the EN ISO/IEC 17025 standard and which has been described in
detail previously [26].
Statistical analysis of genetic population structure
We analyzed genetic population structure using STRUCTURE v.2.3.4 [27, 28] in a hierarchical
manner to identify both, genetic clusters and substructure within clusters. Assuming popula-
tion admixture and correlated allele frequencies, we set the maximum number of populations
to K = 10 with ten independent runs for each K. The burn-in period was 100,000 Markov-
Chain-Monte-Carlo (MCMC) iterations with a subsequent sampling of 1,000,000 MCMC iter-
ations. We processed the results using Structure Harvester [29], which implements the ad hoc
approach of Evanno et al. [30], and assigned the individuals to one of the inferred clusters,
using a membership value of q0.7 as a threshold value [13, 31]. We reanalyzed each inferred
cluster separately to test for additional substructure. In this analysis, we set the maximum
number of inferred populations to K = 5; all other parameters were as described above.
Estimation of scale of isolation by distance and assessment of fine-scale
genetic structure
We analyzed genetic differentiation between pairs of individuals in a hierarchical manner by
estimating the relationship between genetic and geographic distance on the small, i.e., within
genetic clusters, and the large scale, i.e., across the entire sampling area. Across the entire sam-
pling area, we used the kinship coefficient by Loiselle et al. [32], implemented in the program
SPAGeDi v.1.4c [33]. This coefficient is supposed to suffer less bias in the presence of low allele
frequencies [32] and has low sampling variance [34]. We did this using a distance class size of
40 km.
Within clusters, we performed a spatial autocorrelation analysis using GenAlEx 6.501
[35, 36], which also offers a heterogeneity test for the detection of sex-biased dispersal and has
been shown to work well [37, 38]. A within-cluster analysis may potentially underestimate the
strength of the genetic-geographic distance relationship by excluding admixed individuals and
first-generation migrants. To test whether this was a problem in our approach, we reran the
analysis based on pooling the individuals according to sampling location into five regions
(S6 Fig). Similarly, pooling data from spatially distant and genetically differentiated popula-
tions may potentially inflate the genetic correlation coefficient, r, of neighboring samples,
because genetic distances between individuals across the genetically differentiated sampling
area are comparably much larger [38]. To tackle this issue within the clusters where we found
substantial substructure, we reran the analysis of spatial autocorrelation using the multiple-
populations-approach [39], treating the detected subclusters and admixed individuals as popu-
lation units.
Genetic diversity within and differentiation among clusters
We calculated the number of alleles and observed and expected heterozygosity using GenAlEx
6.501 [35, 36] and inbreeding coefficient using Genetix 4.05.2 [40]. For the estimation of popu-
lation differentiation, it is recommended to estimate several different estimators and execute
caution in their interpretation in order to avoid erroneous conclusions [41–44]. Following this
recommendation, we used GenAlEx 6.501 [35, 36] to estimate FST, GST [45–47], G’ST [48], and
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D [49]. The program calculates GST using the corrections proposed by Nei & Chesser [47], cal-
culates G’ST according to Hedrick [48] and follows the formulae given in eq.2 in Meirmans &
Hedrick [42] to calculate Dest [35, 36]. To test for the dependency of GST on locus diversity,
and thus gain insight on the influence of the high mutation rates of microsatellite markers on
population differentiation, we used the software CoDiDi, developed by Wang [50].
Effective migration among clusters
To estimate migration and gene flow among clusters, we used Genepop v4.0 [51], which
implements the private allele method to estimate the number of effective migrants Nm [52] and
corrects the estimate for number of samples by using a regression line, as described by Barton
and Slatkin [53]. The private allele method is a global estimate, and thus may better reflect
long-term rather than current gene flow, even though it is expected to react more quickly to an
increase in gene flow rates than FST-based estimates [54]. Therefore, we also applied the Bayes-
ian software BAYESASS 3.0 [55], which is based on the population assignment method and is
supposed to better reflect current migration and gene flow [56, 57]. We estimated the migra-
tion rates among geographic regions (see S6 Fig for regions) in ten independent runs using
21x106 iterations with a burn-in period of 2x106 iterations. We adjusted the delta values to
0.07 (allele frequency), 0.05 (inbreeding coefficient), and 0.15 (migration) and started each run
with a random seed [56], as well as enabled the trace file option in order to test for convergence
of the Bayesian estimations of migration rates afterwards [57]. Although being relatively free
from assumptions, this method may have some limiting factors regarding the reliability of the
results, such as low population structure and/or a high migration rate, leading to convergence
problems [56]. Many empirical studies indeed show signs of convergence problems and it is
recommended to perform multiple runs and estimate Bayesian deviance as a criterion to find
the run with the best fit; we followed this recommendation [57].
Dispersal as indicated by genetic monitoring records
In the monitoring database, each sample collected during the course of the monitoring action
was recorded with the date and location of collection. Once the genetic analysis of the samples
has been performed, the sample information was updated with an individual identifier. It is
thus possible to retrace individual movements. As an indicator for dispersal among genetic
clusters, we counted how many individuals in the monitoring database [58] were recorded in
more than one county. We also counted how many individuals moved from one genetic clus-
ter into the area of another and, as such, are potentially important genetic mediators among
genetic clusters.
Results
Statistical analysis of genetic population structure
Based on the estimated likelihood values and Evanno’s ΔK, the initial STRUCTURE analysis
suggested the existence of four genetic clusters across Norway and Sweden (Fig 1; S1–S2 Figs).
Of these, three clusters previously documented only from Sweden using STRs were common
for both countries. In addition, one cluster previously documented to be part of a larger Nor-
wegian-Finnish-Russian cluster using autosomal and Y-STRs [13, 59, 60] was found only in
northernmost Norway. Only a relatively small percentage of the individuals was not assigned
to a genetic cluster: 10.9% of females, 13.3% of males, and 12.0% for females and males com-
bined. We thus accepted these cluster assignments as having biological relevance and used
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them in the subsequent analyses. In the following, we refer to clusters 1 to 4 (from south to
north; see Fig 1).
The second round of STRUCTURE analyses of each of the four clusters indicated addi-
tional genetic substructure within several of the clusters (Figs 2 and 3; S3–S5 Figs). In clusters
1 and 2, the results indicated a relatively weak genetic substructure, with only two overlapping
subclusters for females in cluster 1. In clusters 3 and 4, the results indicated a relatively strong
genetic substructure, with four and three relatively geographically coherent subclusters for
both females and males, respectively. A relatively high percentage of the individuals was not
assigned to a subcluster, compared to a cluster (17.6% for females in cluster 1, 41.1% for
females and 38.8% for males in cluster 3, 4.2% for females and 3.1% for males in cluster 4),
consistent with a weaker genetic structure within than among the clusters.
Estimation of scale of isolation by distance and assessment of fine-scale
genetic structure
On a large geographical scale across the entire sampling area, the results showed a typical isola-
tion-by-distance (IBD) pattern with a significantly decreasing kinship coefficient with increas-
ing geographic distance for both sexes (Fig 4). Females displayed a slightly steeper slope than
males and higher kinship coefficients in each distance class up to 280 km, after which their
coefficients dropped below the male kinship coefficients.
Fig 1. Location of genetic clusters for Norwegian and Swedish brown bears. a) only females, membership to a cluster is indicated
by color, red = cluster 1, blue = cluster 2, yellow = cluster 3, green = cluster 4, darkest = membership value q 0.9; medium = q 0.8;
lightest = q 0.7; black squares = q < 0.7; b) only males, colors correspond to a).
https://doi.org/10.1371/journal.pone.0180701.g001
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On a small geographical scale, within the four genetic clusters, only females consistently dis-
played a decreasing genetic correlation coefficient (r) with increasing geographic distance
(Fig 5). Significant r values for females were found up to 35 and 45 km in clusters 1 and 2,
whereas in clusters 3 and 4, they were found up to 60 and 50 km, indicating a larger spatial
Fig 2. Location of female brown bears belonging to the different genetic subclusters in Scandinavia, determined
by the reanalysis of each previously determined cluster. Individuals whose membership could not be determined
(q < 0.7) are colored black. a) Subclusters within cluster 1, b) subclusters within cluster 3, c) subclusters within cluster 4.
Note that the colors used to depict subcluster membership do not correspond to the color coding used in the other maps.
https://doi.org/10.1371/journal.pone.0180701.g002
Fig 3. Location of male brown bears belonging to the different genetic subclusters in Scandinavia,
determined by the reanalysis of each previously determined cluster. Individuals whose membership could not
be determined (q < 0.7) are colored black. a) subclusters within cluster 3, b) subclusters within cluster 4. Note that the
colors used to depict subcluster membership do not correspond to the color coding used in the other maps.
https://doi.org/10.1371/journal.pone.0180701.g003
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extent of female philopatry in the two northernmost clusters compared to the two southern-
most clusters. In comparison, males showed no significant r values in clusters 1 and 2, but a
significant correlation between genetic and spatial distance in clusters 3 and 4 (Fig 5). Accord-
ingly, the result of the heterogeneity test showed that females displayed significantly higher r
values than males in clusters 1, 2, and 4, indicating sex-biased population structure locally.
Within cluster 3, the heterogeneity test was nonsignificant, thus males and females did not
show significantly different fine-scale population structure in this area. Running the analyses
using a regional/geographic pooling of the data instead of the cluster-based approach had no
substantial impact on the results, thus supporting the findings of our approach (S6 Fig).
We reran the spatial autocorrelation analysis for clusters 3 and 4, using the multiple popula-
tions approach to control for the strong substructure found within these clusters. This yielded
lower values of the genetic correlation coefficient compared to pooling the data of the entire
cluster (Fig 6). However, males in cluster 3 still showed significantly positive spatial autocorre-
lation up to the 25-km distance class.
Genetic diversity within and differentiation among clusters
Genetic diversity, i.e. expected and observed heterozygosity, was high and>0.7 in all clusters
and for both sexes (Table 1). Mean fixation index FIS was between -0.056 and -0.005 and only
one marker for females in cluster 3 showed a slightly higher positive and statistically significant
value of 0.094 (Table 1). The relative magnitude of genetic differentiation among the four clus-
ters was consistent among the different estimators FST, GST, G’ST, and Joost’s Dest (Table 2), as
shown by the PCoA analysis (S7 Fig). For all four estimators, males displayed slightly lower
values than females, with the exception of the pairwise G’ST and Dest values between cluster 2
and 4, where males showed slightly higher values than females (Table 2). The results of the
Fig 4. Loiselle kinship coefficient for brown bears in Scandinavia. One distance class is 40 km, solid black
line = females; broken black lines = males; solid gray lines = females and males combined; 95% confidence
intervals are displayed accordingly.
https://doi.org/10.1371/journal.pone.0180701.g004
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CoDiDi [50] analysis to evaluate the relationship between marker diversity and GST estimate
showed a clear, if not statistically significant, negative correlation between the two (p
value = 0.053) (Fig 7).
Effective migration among clusters
Long-term gene flow, i.e., number of effective migrants per generation among the clusters
using the private allele method, was surprisingly low (i.e. >1 in only two cases) and showed no
consistent difference between males and females. (Table 3; S8 Fig). The BAYESASS estimates
Fig 5. Spatial autocorrelation of female versus male brown bears compared within each cluster in Scandinavia. Distance
class of 5 km (x axis); the genetic correlation coefficient (r, y-axis) is given as a solid line for females and a dashed line for males.
The 95% confidence intervals for the null hypothesis of random distribution of genotypes, as well as bootstrap errors, are
displayed in the same manner.
https://doi.org/10.1371/journal.pone.0180701.g005
Fig 6. Combined spatial autocorrelation analysis for genetic clusters 3 and 4 for brown bears in Scandinavia. Distance class of 5
km (x axis); the analysis uses the multiple population approach, which sums the individual components for calculating rc as a division of the
total numerator and denominator across populations, rather than the simple arithmetic mean. The genetic correlation coefficient (rc, y axis) is
given as a solid thick line for females and a dashed thick line for males. The 95% confidence intervals for the null hypothesis of random
distribution of genotypes, as well as bootstrap errors, are displayed correspondingly in a thin line.
https://doi.org/10.1371/journal.pone.0180701.g006
Demographic and genetic connectivity in the Scandinavian brown bear
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of migration rates used to assess current gene flow were generally also low and inconsistent
between the sexes (Table 4). Overall, self-recruitment was high (>90%) in the South, North
and Northeast, whereas it was lower in the central part; ~68% in South Central and ~85% in
North Central (Table 4). The likelihoods of the run with the lowest deviance, which was chosen
as the source for the estimates, is given in the supplementary material (S9 Fig). Estimates were
Table 1. Expected (He) and observed heterozygosity (Ho) and fixation index (FIS) per genetic cluster, estimated separately for female and male
brown bears in Scandinavia.
Locus No. allele He Ho FIS
Cluster1 MU09 6 / 6 0.732 / 0.698 0.739 / 0.700 -0.010 / -0.003
MU10 6 / 6 0.804 / 0.804 0.791 / 0.834 0.016 / -0.037
MU23 7 / 7 0.716 / 0.665 0.719 / 0.687 -0.003 / -0.032
MU59 7 / 9 0.684 / 0.686 0.719 / 0.684 -0.051 / 0.004
MU05 6 / 6 0.617 / 0.604 0.625 / 0.656 -0.013 / -0.087
G10L 6 / 6 0.720 / 0.731 0.763 / 0.787 -0.061 / -0.076
MU51 6 / 5 0.794 / 0.787 0.782 / 0.787 0.015 / 0.000
MU50 6 / 7 0.758 / 0.748 0.795 / 0.775 -0.050 / -0.035
Mean 6.5 / 6.3 0.715 / 0.728 0.738 / 0.742 -0.033 / -0.020
Cluster2 MU09 9 / 10 0.803 / 0.825 0.775 / 0.838 0.035 / -0.016
MU10 7 / 7 0.685 / 0.660 0.689 / 0.667 -0.006 / -0.010
MU23 7 / 8 0.817 / 0.825 0.870 / 0.820 -0.065 / 0.006
MU59 9 / 10 0.781 / 0.790 0.764 / 0.837 0.022 / -0.059
MU05 6 / 6 0.633 / 0.631 0.646 / 0.665 -0.021 / -0.053
G10L 7 / 8 0.629 / 0.716 0.609 / 0.678 0.032 / 0.053
MU51 7 / 7 0.721 / 0.749 0.720 / 0.764 0.000 / -0.020
MU50 8 / 7 0.815 / 0.819 0.845 / 0.828 -0.036 / -0.011
Mean 7.9 / 7.5 0.752 / 0.735 0.762 / 0.740 -0.014 / -0.005
Cluster3 MU09 8 / 9 0.828 / 0.848 0.872 / 0.933 -0.053 / -0.100
MU10 6 / 7 0.793 / 0.779 0.773 / 0.736 0.024 / 0.056
MU23 8 / 7 0.691 / 0.713 0.665 / 0.705 0.038 / 0.011
MU59 10 / 10 0.831 / 0.835 0.887 / 0.808 -0.067 / 0.031
MU05 7 / 7 0.754 / 0.755 0.783 / 0.684 -0.039 / 0.094*
G10L 8 / 8 0.788 / 0.792 0.729 / 0.860 0.075 / -0.086
MU51 7 / 7 0.779 / 0.786 0.823 / 0.833 -0.056 / -0.061
MU50 7 / 7 0.746 / 0.728 0.744 / 0.751 0.002 / -0.032
Mean 7.8 / 7.6 0.779 / 0.776 0.789 / 0.784 -0.011 / -0.009
Cluster4 MU09 10 / 11 0.829 / 0.867 0.957 / 0.969 -0.154 / -0.118
MU10 6 / 8 0.779 / 0.763 0.681 / 0.810 0.126 / -0.061
MU23 7 / 9 0.563 / 0.693 0.574 / 0.688 -0.021 / 0.008
MU59 11 / 11 0.845 / 0.815 0.830 / 0.767 0.018 / 0.059
MU05 8 / 8 0.829 / 0.802 0.851 / 0.875 -0.027 / -0.091
G10L 5 / 6 0.462 / 0.581 0.511 / 0.656 -0.106 / -0.129
MU51 6 / 6 0.786 / 0.787 0.872 / 0.875 -0.110 / -0.111
MU50 7 / 8 0.805 / 0.837 0.787 / 0.844 0.022 / -0.008
Mean 8.4 / 7.5 0.768 / 0.737 0.810 / 0.758 -0.056 / -0.032
Each cluster contains only individuals with a membership value q  0.7 as estimated by STRUCTURE. First value = females; second, italic value = males;
bold = the mean across all loci for each cluster;
*) significant.
https://doi.org/10.1371/journal.pone.0180701.t001
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consistent for both males and females across all ten runs (S10 and S11 Figs), except for
females sampled in the northern part of Sweden, which showed slight variation between runs
(S11 Fig).
Dispersal as indicated by genetic monitoring records
The monitoring database contained 48 females and 151 males that had been detected in more
than one county, thus confirming more male than female dispersal movement. A total of 25
individuals (2 females, 23 males) moved from the area of one genetic clusters into the area of
another, thus potentially mediating gene flow. However, the vast majority of these movements
were between neighboring areas and only two males moved across a longer distance. One male
Table 2. Genetic differentiation among genetic clusters of Scandinavian brown bears assessed by FST-, GST-, G’ST- and Joost’s Dest-estimation.
Cluster 1 Cluster 2 Cluster 3 Cluster 4
Cluster 1 combined 0.276 / 0.244 0.463 / 0.425 0.522 / 0.482
females 0.320 / 0.285 0.473 / 0.435 0.520 / 0.479
males 0.244 / 0.215 0.455 / 0.417 0.528 / 0.489
Cluster 2 combined 0.043 / 0.042 0.255 / 0.299 0.459 / 0.423
females 0.050 / 0.049 0.278 / 0.249 0.448 / 0.409
males 0.038 / 0.037 0.240 / 0.215 0.483 / 0.448
Cluster 3 combined 0.066 / 0.066 0.035 / 0.035 0.358 / 0.327
females 0.067 / 0.066 0.040 / 0.038 0.372 / 0.339
males 0.066 / 0.067 0.033 / 0.032 0.362 / 0.331
Cluster 4 combined 0.078 / 0.077 0.065 / 0.064 0.040 / 0.046
females 0.082 / 0.079 0.070 / 0.067 0.054 / 0.050
males 0.079 / 0.077 0.067 / 0.065 0.048 / 0.045
Values below the diagonal: FST / GST; values above diagonal: G’ST / Joost’s Dest. All estimates have a p-value <0.05.
https://doi.org/10.1371/journal.pone.0180701.t002
Fig 7. Result of the CoDiDi analysis showing the negative correlation between marker diversity and
GST value in the Scandinavian brown bear population. The simple regression fitted through the data
points is depicted as a dashed line, the slope of it is given in the graph. The p value of the correlation analysis
was 0.053.
https://doi.org/10.1371/journal.pone.0180701.g007
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moved ~ 430 km from Hedmark County in southeastern Norway, were it was recorded in
2007, to Va¨sterbotten County in northern Sweden, were it was recorded in 2009, essentially
moving out of the core area of cluster 1 and into the core area of cluster 2 (compare Fig 1b).
This individual showed a q value of 0.554 for cluster 2. The other male moved ~ 400 km from
Sør-Trøndelag County in central Norway in 2009 southwards to Telemark County in southern
Norway, which is effectively free of bears, and was shot there in 2012. These records match the
results of the radio-tracking studies performed previously in the Swedish bear population,
where the average dispersal distances for 4-year-old males and females were 119 km and
28 km, respectively, whereas maximum observed dispersal distances were 467 km (males) and
90 km (females) [15].
Discussion
Demographic and genetic connectivity are important factors for the survival of a population
[61]. It is known that dispersal does not necessarily lead to gene flow, and here we have shown
that generalizing about gene flow from information about dispersal behavior based on radio-
tracking studies may be problematic. Our results show that dispersal patterns and the degree
of differentiation between male and female dispersal behavior in brown bears varies with
Table 3. Number of migrants per generation among the four genetic clusters of brown bears in Scandinavia.
Cluster 1 Cluster 2 Cluster 3
Cluster 2 combined 0.741
females 0.551
males 1.114
Cluster 3 combined 0.081 0.814
females 0.107 1.309
males 0.168 0.729
Cluster 4 combined 0.107 0.187 0.153
females 0.144 0.253 0.205
males 0.202 0.292 0.258
Estimated with the private allele method using Genepop v4.1.0
https://doi.org/10.1371/journal.pone.0180701.t003
Table 4. Percentage of self-recruitment and directional migration/gene flow of brown bears in Scandinavia among regions.
From / To South South Central North Central North Northeast
South females 0.980 (0.006) 0.002 (0.002) 0.014 (0.006) 0.002 (0.002) 0.002 (0.002)
males 0.925 (0.012) 0.011 (0.016) 0.058 (0.019) 0.006 (0.004) 0.001 (0.001)
South Central females 0.134 (0.023) 0.686 (0.013) 0.162 (0.022) 0.014 (0.009) 0.004 (0.003)
males 0.109 (0.020) 0.685 (0.024) 0.180 (0.046) 0.023 (0.012) 0.004 (0.004)
North Central females 0.023 (0.013) 0.017 (0.009) 0.931 (0.021) 0.026 (0.011) 0.004 (0.004)
males 0.055 (0.017) 0.035 (0.047) 0.830 (0.051) 0.079 (0.016) 0.002 (0.002)
North females 0.016 (0.006) 0.159(0.013) 0.005 (0.003) 0.818 (0.013) 0.002 (0.002)
males 0.004 (0.003) 0.010(0.008) 0.019 (0.012) 0.962 (0.013) 0.006 (0.004)
Northeast females 0.007 (0.007) 0.008 (0.007) 0.009 (0.010) 0.008 (0.008) 0.968 (0.015)
males 0.015 (0.009) 0.007 (0.007) 0.008 (0.007) 0.039 (0.015) 0.932 (0.019)
Estimates were performed with BAYESASS 3.0 [50]. Percentage of self-recruitment is given in the diagonal, shaded cells. Directional migration/gene flow
among regions is presented above and below the diagonal. Standard deviations, as estimated by the software, are given in the brackets.
https://doi.org/10.1371/journal.pone.0180701.t004
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region, especially in northern Sweden, where, contrary to our expectation, males did not dis-
play random distribution across the landscape and rather showed a pattern of philopatry simi-
lar to females. At the same time, our monitoring records indicated that large-scale movement
among genetic clusters may be fairly low and thus gene flow across the study area may be
limited.
Genetic population structure
Previous studies in Scandinavia have shown 3 to 4 distinct genetic clusters, which were
regarded as being caused by the historic bottleneck event and/or genetic drift [62, 63], indicat-
ing a time-lag effect [64]. At the highest hierarchical level, our STRUCTURE analysis corre-
sponded well with these studies, but at a finer resolution it also showed, for the first time,
latitudinal variation both in the scale and sex-bias of genetic structuring increasing towards
the North. A time-lag effect may explain some of the observed population genetic structure.
However, most knowledge about the temporal scale of shifts in population genetic structure in
expanding populations, due to founder effects and/or bottleneck events, is based on simulation
studies (e.g. [64]). Only a limited number of empirical studies have been published and they
showed both long-lasting effects on population structure (e.g. [65, 66]) and relatively quick
changes in population differentiation (e.g. [67, 68]) in founder effect settings. In contrast to
this, admixture and a decrease in population differentiation progressed on a short temporal
scale, i.e., 1.5 generations, in the Finnish brown bear population with a similar population
recovery setting as in Sweden and Norway [14]. In Sweden, male brown bears regularly dis-
perse across long distances (average male natal dispersal distance = 118.9 km; [15]), which
should aid gene flow among regions and a rapid decrease of population genetic structure.
Our data further suggested that there was an area effect regarding the degree of genetic pop-
ulation structure, with the southern regions being less structured than the northern ones. This
kind of directional trend is often observed in expanding populations, with an increasing popu-
lation differentiation towards the expansion front [69–71]. However, this explanation can be
ruled out for the Scandinavian population, as population expansion did not occur unidirec-
tionally, but from several different refugia [10, 62], with the northern area representing the
part of the population that was least affected and recovered much faster than the more south-
ern areas [10]. Thus, our results suggest that ecological and/or behavioral mechanisms restrict
gene flow among clusters.
Fine-scale genetic structure and sex-biased dispersal
In accordance with Støen et al. [15], our analysis of spatial autocorrelation indicated female
philopatry brown bears. For most of the areas, the results also indicated a random distribution
of male brown bears, in agreement with male-biased dispersal. However, in contrast to this, we
found significant positive spatial autocorrelation for males in cluster 3, even after applying the
multipopulation approach to account for high levels of within-cluster structuring [35, 39].
Upwards bias of the genetic correlation value r could occur under strong isolation-by-distance,
where the most distant subgroups exhibit the largest degree of genetic differentiation. How-
ever, the detected subgroups showed a relatively large degree of spatial overlap and genetic dif-
ference could not be explained by spatial distance. Instead, our results suggest the presence of
mechanisms that support the formation of family clusters for both sexes, such as kin recogni-
tion and territorial behavior, which may lead to a lower acceptance of nonkin immigrants [66].
Such behavior is generally associated with philopatric females [15, 18] and we are not aware of
studies suggestive of kin cooperation among male brown bears. Indications of a stronger sub-
structure in the northern parts of the population have been found in previous studies and were
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explained by the influence of matrilineal formations [62, 63]. Our results suggest that this is
not the entire picture and that also patrilineal genetic patterns may be involved in the
increased substructure in the North.
Another possible explanation is the impact of illegal killing, which occurs more frequently
and is more widely accepted in the North than in the South and has a strong effect on large car-
nivore populations [72–76]. Male bears leave the dens earlier than females, often at a time
when there is still snow on the ground, enabling poachers to use snowmobiles and thus kill
more effectively [76]. One can speculate that this may either hinder effective dispersal out of
the natal home range by the death of young, dispersing males or by the bears adapting their
dispersal behavior to favor not dispersing far from their natal home range.
Population differentiation among clusters
There is still a lot of uncertainty and confusion about which measure of differentiation is more
correct in which situation (e.g., [77–82]). GST is supposed to describe the influence of demo-
graphic events on the population structure better than Dest, which is supposed to better reflect
historic population/colonization events [81, 83]. In practice, though, GST seems to underesti-
mate differentiation relative to Dest often, but reaches equilibrium much more quickly [42].
Generally, FST is still seen by many as the base standard, which always should be included in a
study on genetic differentiation [42, 80, 82]. In our study, all pairwise differentiation estimates
were relatively congruent for the different estimators, which may point to a relatively stable
population structure and gene flow pattern over time, so that the proposed differences in what
the estimates measure had little impact on our population differentiation estimation in the
Scandinavian population. However, the observed negative correlation of marker diversity with
the GST-value points to a higher mutation than migration rate, which leads to an overall
increase of diversity, causing GST and similar measures to underestimate population differenti-
ation [84]. In addition, even though the result was not statistically significant, the slope of the
correlation was clearly negative, so that we should expect that a different set of markers with
different levels of diversity may give different results [50]. This indicates that one should be
careful to draw definite conclusions about the degree of differentiation and its underlying
causes based only on the FST-based estimators.
Dispersal behavior versus gene flow
The monitoring database confirmed more male than female dispersal movement. These rec-
ords match the results of the radio-tracking studies performed previously in the Swedish bear
population, where the maximum dispersal distance observed in males was 467 km [15]. How-
ever, physical movement apparently does not necessarily translate into gene flow, as both the
estimates of long-term gene flow (effective migrants per generation) among clusters (males:
0.168–1.114; females: 0.107–1.309; Table 3) as well as the inter-regional migration rates, i.e.,
current gene flow (males: 0.002–0.106; females: 0.002–0.162; Table 4) were low. In the Finnish
brown bear population, where the genetic structure decreased relatively rapidly, the estimated
number of effective migrants ranged from 1.60–3.63, displaying an increase over time [14]. An
even higher number of effective migrants was estimated for the gene flow between Finland
and Russian Karelia (7.64, [13]). Contrary to our expectations based on the clear bias in dis-
persal distance and probability, there was no consistent difference between males and females
for the estimated migration rate, and in some instances, female migration rates between three
specific regions was even higher than the equivalent male estimates (South Central to South,
North to South, and South Central; Table 4).
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Conclusions
In the study of sex-biased dispersal, the use of genetic approaches has been suggested to aug-
ment the findings of more ecological methods, e.g. radio-tracking [9, 20, 85]. Our results show
that this approach can uncover previously undetected processes, as it allows a larger coverage
spatially and greater sample size, especially when using material collected in the course of
monitoring schemes. The Scandinavian brown bear population seems to be well on its way
towards its prebottleneck state [10], although in Norway population numbers remain low
compared to the historical size [10, 86]. Demographic recovery of a population, as observed
here, is often associated with increased gene flow [14, 87]. Here, we have shown that the corre-
lation of population and gene flow increase should not be assumed, even in species with long-
distance dispersal capabilities, such as the brown bear. Several studies have found that dispersal
decisions are condition dependent and consequently dispersal rate and frequency may vary
among locations and individuals [88–93]. However, as gene flow is widely accepted to be an
important factor in population viability [1] and to ensure the long-term existence of the Scan-
dinavian brown bear population, future studies should try to detangle natural, i.e. species-
specific, from anthropogenic causes for the observed patterns, by taking environmental and
individual characteristics into account.
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S1 Fig. Results of the Bayesian clustering analysis of brown bears in Sweden and Norway
with STRUCTURE, processed with Structure Harvester. a) results of the analysis performed
on the total dataset; b) results of the analysis of only females; c) results of the analysis of only
males.
(PDF)
S2 Fig. Barplots of the STRUCTURE analysis of brown bears in Sweden and Norway. Each
bear is represented by one bar, the segments of which are sized and colored according to the
estimated assignment probability q for the given number of clusters, K; the individuals are
sorted from south to north. a) results for the analysis of males and females combined
(n = 1531) for K = 2 and K = 4; b) results for the analysis of only females (n = 742) for K = 2
and K = 4; c) results for the analysis of only males (n = 789) for K = 3 and K = 4.
(PDF)
S3 Fig. Results of the STRUCTURE analysis within clusters of female bears. Results
were processed with the help of Cluster Harvester [29]. a) cluster 1, b) cluster 3 and c) cluster 4.
(PDF)
S4 Fig. Results of the STRUCTURE analysis within clusters of male bears. Results were pro-
cessed with the help of Cluster Harvester (Earl & von Holdt 2012). a) cluster three, b) cluster
four.
(PDF)
S5 Fig. Barplots of the Bayesian clustering analysis of brown bears in Sweden and Norway
within previously determined main clusters with STRUCTURE. Each bar equals one bear,
the segments of which are sized and colored according to the estimated assignment probability
q for the given number of subclusters K. Each barplot is ordered according to sampling region,
either from south to north (a, b and d) or from west to east (c and e). a) results for the analysis
of females in cluster 1 (n = 249) for K = 2 and K = 3; b) results for the analysis of females in
cluster 3 (n = 203) for K = 4; c) results for the analysis of females in cluster 4 (n = 48) for K = 3;
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d) results for the analysis of males in cluster 3 (n = 193) for K = 2 and K = 3; e) results for the
analysis of males in cluster 4 (n = 63) for K = 2.
(PDF)
S6 Fig. Regional analysis of spatial autocorrelation performed with GenAlEx. Samples were
grouped according to sampling location indicated by black circles on the map next to each
graph. In the graphs the results for the females is given as a solid black line, the males as a
dashed line. The 95% confidence intervals and bootstrap errors are given in the same manner.
(PDF)
S7 Fig. Principle coordinate analysis performed for each of the four differentiation esti-
mates, using the combined data.
(PDF)
S8 Fig. Number of migrant brown bears per generation among the four genetic clusters in
Scandinavia, estimated by the private allele method and for increasing sample size. Given
are the estimates for females (▲), males (■) and both sexes combined (●).
(PDF)
S9 Fig. Probability for the run used in the final results for the estimation of self-
recruitment and migration among the different regions in Scandinavia, estimated using
BAYESASS 3.0 and the script published by Meirmans [57]. a) shows the result for the male
bears, b) shows the result for the female bears.
(PDF)
S10 Fig. Consistency in the estimates of the nonmigrant proportion in ten independent
runs of BAYESASS for male Scandinavian brown bears.
(PDF)
S11 Fig. Consistency in the estimates of the nonmigrant proportion in ten independent
runs of BAYESASS for female Scandinavian brown bears.
(PDF)
Acknowledgments
We would like to thank Siv Grethe Aarnes, Camilla Tobiassen, Beate Banken Bakke, Bård
Spachmo and Ida Fløystad for technical assistance. Furthermore, we would like to thank Arne
So¨derberg from the National Veterinary Institute of Sweden for providing the additional sam-
ples from the Ja¨mtland area.
Author Contributions
Conceptualization: JS HGE SBH.
Formal analysis: JS AK SBH.
Writing – original draft: JS.
Writing – review & editing: JS AK HGE JES SBH.
References
1. Frankham R. Genetics and extinction. Biological Conservation. 2005; 126(2):131–40.
Demographic and genetic connectivity in the Scandinavian brown bear
PLOS ONE | https://doi.org/10.1371/journal.pone.0180701 July 3, 2017 15 / 20
2. Pelletier A, Obbard ME, Harnden M, McConnell S, Howe EJ, Burrows FG, et al. Determining causes of
genetic isolation in a large carnivore (Ursus americanus) population to direct contemporary conserva-
tion measures. PLoS One. 2017; 12(2).
3. Braaker S, Kormann U, Bontadina F, Obrist MK. Prediction of genetic connectivity in urban ecosystems
by combining detailed movement data, genetic data and multi-path modelling. Landscape and Urban
Planning. 2017; 160:107–14.
4. Fischer ML, Salgado I, Beninde J, Klein R, Frantz AC, Heddergott M, et al. Multiple founder effects are
followed by range expansion and admixture during the invasion process of the raccoon (Procyon lotor)
in Europe. Diversity and Distributions. 2017; 23(4):409–20.
5. Logan ML, Duryea MC, Molnar OR, Kessler BJ, Calsbeek R. Spatial variation in climate mediates gene
flow across an island archipelago. Evolution; international journal of organic evolution. 2016; 70(10):
2395–403. https://doi.org/10.1111/evo.13031 PMID: 27501004
6. Inoue K, Berg DJ. Predicting the effects of climate change on population connectivity and genetic diver-
sity of an imperiled freshwater mussel, Cumberlandia monodonta (Bivalvia: Margaritiferidae), in riverine
systems. Global Change Biology. 2017; 23(1):94–107. https://doi.org/10.1111/gcb.13369 PMID:
27225328
7. Johnson ML, Gaines MS. Evolution of dispersal—theoretical models and empirical tests using birds and
mammals. Annual Review of Ecology and Systematics. 1990; 21:449–80.
8. Kitanishi S, Yamamoto T. Comparison of genetic structure between juvenile and adult masu salmon
indicates relatively low reproductive success of dispersers. Environmental Biology of Fishes. 2015;
98(1):405–11.
9. Driscoll DA, Banks SC, Barton PS, Ikin K, Lentini P, Lindenmayer DB, et al. The Trajectory of Dispersal
Research in Conservation Biology. Systematic Review. PLoS One. 2014; 9(4):18.
10. Swenson JE, Wabakken P, Sandegren F, Bja¨rvall A, Franze´n R, So¨derberg A. The near extinction and
recovery of brown bears in Scandinavia in relation to the bear management policies of Norway and
Sweden. Wildlife Biology. 1995; 1:11–25.
11. Kojola I, Ma¨a¨ta¨ E. Suurpetojen lukuma¨a¨ra¨ ja lisa¨a¨ntuminen vuonna 2003. Helsinki; 2004.
12. Tammeleht E, Remm J, Korsten M, Davison J, Tumanov I, Saveljev A, et al. Genetic structure in large,
continuous mammal populations: the example of brown bears in northwestern Eurasia. Molecular ecol-
ogy. 2010; 19(24):5359–70. https://doi.org/10.1111/j.1365-294X.2010.04885.x PMID: 21044194
13. Kopatz A, Eiken HG, Aspi J, Kojola I, Tobiassen C, Tirronen KF, et al. Admixture and Gene Flow from
Russia in the Recovering Northern European Brown Bear (Ursus arctos). PLoS One. 2014; 9(5).
14. Hagen SB, Kopatz A, Aspi J, Kojola I, Eiken HG. Evidence of rapid change in genetic structure and
diversity during range expansion in a large terrestrial carnivore. Proceedings of the Royal Society B-Bio-
logical Sciences. 2015; 282(1807):20150092.
15. Støen OG, Zedrosser A, Saebo S, Swenson JE. Inversely density-dependent natal dispersal in brown
bears Ursus arctos. Oecologia. 2006; 148(2):356–64. https://doi.org/10.1007/s00442-006-0384-5
PMID: 16489458
16. McLellan BN, Hovey FW. Natal dispersal of grizzly bears. Canadian Journal of Zoology-Revue Canadi-
enne De Zoologie. 2001; 79(5):838–44.
17. Zedrosser A, Støen O-G, SæbøS, Swenson JE. Should I stay or should I go? Natal dispersal in the
brown bear. Animal Behaviour. 2007; 74(3):369–76.
18. Støen O-G, Bellemain E, SæbøS, Swenson JE. Kin-related spatial structure in brown bears Ursus arc-
tos. Behavioral Ecology and Sociobiology. 2005; 59(2):191–7.
19. Greenwood PJ. Mating systems, philopatry and dispersal in birds and mammals. Animal Behaviour.
1980; 28(NOV):1140–62.
20. Lawson Handley LJ, Perrin N. Advances in our understanding of mammalian sex-biased dispersal.
Molecular ecology. 2007; 16(8):1559–78. https://doi.org/10.1111/j.1365-294X.2006.03152.x PMID:
17402974
21. Greminger MP, Krutzen M, Schelling C, Pienkowska-Schelling A, Wandeler P. The quest for Y-
chromosomal markers—methodological strategies for mammalian non-model organisms. Molecular
ecology resources. 2010; 10(3):409–20. https://doi.org/10.1111/j.1755-0998.2009.02798.x PMID:
21565040
22. Taberlet P, Camarra JJ, Griffin S, Uhres E, Hanotte O, Waits LP, et al. Noninvasive genetic tracking of
the endangered Pyrenean brown bear population. Molecular ecology. 1997; 6(9):869–76. PMID:
9301075
23. Paetkau D, Calvert W, Stirling I, Strobeck C. Microsatellite analysis of population structure in Canadian
polar bears. Molecular ecology. 1995; 4:347–54. PMID: 7663752
Demographic and genetic connectivity in the Scandinavian brown bear
PLOS ONE | https://doi.org/10.1371/journal.pone.0180701 July 3, 2017 16 / 20
24. Paetkau D, Strobeck C. Micorsatellite analysis of genetic-variation in black-bear populations (vol 3, pg
489, 1994). Molecular ecology. 1995; 4(1):133-.
25. Paetkau D, Strobeck C. Microsatellite analysis of genetic variation in black bear populations. Molecular
ecology. 1994; 3(5):489–95. PMID: 7952329
26. Andreassen R, Schregel J, Kopatz A, Tobiassen C, Knappskog PM, Hagen SB, et al. A forensic DNA
profiling system for Northern European brown bears (Ursus arctos). Forensic Science International-
Genetics. 2012; 6(6):798–809. https://doi.org/10.1016/j.fsigen.2012.03.002 PMID: 22483764
27. Falush D, Stephens M, Pritchard JK. Inference of population structure using multilocus genotype data:
Linked loci and correlated allele frequencies. Genetics. 2003; 164(4):1567–87. PMID: 12930761
28. Pritchard JK, Stephens M, Donnelly P. Inference of Population Structure Using Multilocus Genotype
Data. Genetics. 2000; 155:945–59. PMID: 10835412
29. Earl DA, Vonholdt BM. STRUCTURE HARVESTER: a website and program for visualizing STRUC-
TURE output and implementing the Evanno method. Conserv Genet Resour. 2012; 4(2):359–61.
30. Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of individuals using the software
STRUCTURE: a simulation study. Molecular ecology. 2005; 14(8):2611–20. https://doi.org/10.1111/j.
1365-294X.2005.02553.x PMID: 15969739
31. Pelletier A, Obbard ME, Mills K, Howe EJ, Burrows FG, White BN, et al. Delineating genetic groupings
in continuously distributed species across largely homogeneous landscapes: a study of American black
bears (Ursus americanus) in Ontario, Canada. Canadian Journal of Zoology-Revue Canadienne De
Zoologie. 2012; 90(8):999–1014.
32. Loiselle BA, Sork VL, Nason J, Graham C. SPATIAL GENETIC-STRUCTURE OF A TROPICAL
UNDERSTORY SHRUB, PSYCHOTRIA OFFICINALIS (RUBIACEAE). American Journal of Botany.
1995; 82(11):1420–5.
33. Hardy OJ, Vekemans X. SPAGeDi: a versatile computer program to analyse spatial genetic structure at
the individual or population levels. Molecular Ecology Notes. 2002; 2:618–20.
34. Vekemans X, Hardy OJ. New insights from fine-scale spatial genetic structure analyses in plant popula-
tions. Molecular ecology. 2004; 13(4):921–35. PMID: 15012766
35. Peakall R, Smouse PE. GenAlEx 6.5: genetic analysis in Excel. Population genetic software for teach-
ing and research-an update. Bioinformatics. 2012; 28(19):2537–9. https://doi.org/10.1093/
bioinformatics/bts460 PMID: 22820204
36. Peakall R, Smouse PE. GENALEX 6: genetic analysis in Excel. Population genetic software for teach-
ing and research. Molecular Ecology Notes. 2006; 6(1):288–95.
37. Smouse PE, Peakall R, Gonzales E. A heterogeneity test for fine-scale genetic structure. Molecular
ecology. 2008; 17(14):3389–400. PMID: 18677808
38. Banks SC, Peakall R. Genetic spatial autocorrelation can readily detect sex-biased dispersal. Molecular
ecology. 2012; 21(9):2092–105. https://doi.org/10.1111/j.1365-294X.2012.05485.x PMID: 22335562
39. Peakall R, Ruibal M, Lindenmayer DB. Spatial autocorrelation analysis offers new insights into gene
flow in the Australian bush rat, Rattus fuscipes. Evolution; international journal of organic evolution.
2003; 57(5):1182–95. PMID: 12836834
40. Belkhir K, Borsa P, Chikhi L, Raufaste N, Bonhomme F. GENETIX 4.05, logiciel sous Windows pour la
ge´ne´tique des populations. Montpellier: Laboratoire Ge´nome, Populations, Interactions,CNRS UMR
5171, Universite´ de Montpellier II; 1996–2004.
41. Heller R, Siegismund HR. Relationship between three measures of genetic differentiation G(ST),
D-EST and G’(ST): how wrong have we been? Molecular ecology. 2009; 18(10):2080–3. PMID:
19645078
42. Meirmans PG, Hedrick PW. Assessing population structure: F-ST and related measures. Molecular
ecology resources. 2011; 11(1):5–18. https://doi.org/10.1111/j.1755-0998.2010.02927.x PMID:
21429096
43. Alcala N, Goudet J, Vuilleumier S. On the transition of genetic differentiation from isolation to panmixia:
What we can learn from G(ST) and D. Theoretical Population Biology. 2014; 93:75–84. https://doi.org/
10.1016/j.tpb.2014.02.003 PMID: 24560956
44. Verity R, Nichols RA. What is genetic differentiation, and how should we measure it-G(ST), D, neither or
both? Molecular ecology. 2014; 23(17):4216–25. https://doi.org/10.1111/mec.12856 PMID: 25039308
45. Nei M. Analysis of gene diversity in subdivided populations. Proceedings of the National Academy of
Sciences of the United States of America. 1973; 70(12):3321–3. PMID: 4519626
46. Nei M. F-statistics and analysis of gene diversity in subdivided populations. Annals of Human Genetics.
1977; 41(OCT):225–33.
Demographic and genetic connectivity in the Scandinavian brown bear
PLOS ONE | https://doi.org/10.1371/journal.pone.0180701 July 3, 2017 17 / 20
47. Nei M, Chesser RK. Estimation of fixation indixes and gene diversities. Annals of Human Genetics.
1983; 47(JUL):253–9.
48. Hedrick PW. A standardized genetic differentiation measure. Evolution; international journal of organic
evolution. 2005; 59(8):1633–8. PMID: 16329237
49. Jost L. G(ST) and its relatives do not measure differentiation. Molecular ecology. 2008; 17(18):
4015–26. PMID: 19238703
50. Wang J. Does G(ST) underestimate genetic differentiation from marker data? Molecular ecology. 2015;
24(14):3546–58. https://doi.org/10.1111/mec.13204 PMID: 25891752
51. Rousset F. GENEPOP ’ 007: a complete re-implementation of the GENEPOP software for Windows
and Linux. Molecular ecology resources. 2008; 8(1):103–6. https://doi.org/10.1111/j.1471-8286.2007.
01931.x PMID: 21585727
52. Slatkin M. Rare alleles as indicators of gene flow. Evolution; international journal of organic evolution.
1985; 39(1):53–65. https://doi.org/10.1111/j.1558-5646.1985.tb04079.x PMID: 28563643
53. Barton NH, Slatkin M. A quasi-equilibrium theory of the distribution of rare alleles in a subdivided popula-
tion. Heredity. 1986; 56:409–15. PMID: 3733460
54. Yamamichi M, Innan H. Estimating the migration rate from genetic variation data. Heredity. 2012;
108(4):362–3. https://doi.org/10.1038/hdy.2011.83 PMID: 21934701
55. Wilson GA, Rannala B. Bayesian inference of recent migration rates using multilocus genotypes.
Genetics. 2003; 163:1177–91. PMID: 12663554
56. Faubet P, Waples RS, Gaggiotti OE. Evaluating the performance of a multilocus Bayesian method for
the estimation of migration rates. Molecular ecology. 2007; 16(6):1149–66. https://doi.org/10.1111/j.
1365-294X.2007.03218.x PMID: 17391403
57. Meirmans PG. Nonconvergence in Bayesian estimation of migration rates. Molecular ecology
resources. 2014; 14(4):726–33. https://doi.org/10.1111/1755-0998.12216 PMID: 24373147
58. Miljødirektoratet-Naturvårdsverket. Rovbase 2016 [cited 2016 Nov 16]. http://www.rovbase.no/?type=
1&rovdyr=1&tidsperiode=alle.
59. Schregel J, Eiken HG, Grondahl FA, Hailer F, Aspi J, Kojola I, et al. Y chromosome haplotype
distribution of brown bears (Ursus arctos) in Northern Europe provides insight into population history
and recovery. Molecular ecology. 2015; 24(24):6041–60. https://doi.org/10.1111/mec.13448 PMID:
26769404
60. Schregel J, Kopatz A, Hagen SB, Broseth H, Smith ME, Wikan S, et al. Limited gene flow among brown
bear populations in far Northern Europe? Genetic analysis of the east-west border population in the
Pasvik Valley. Molecular ecology. 2012; 21(14):3474–88. https://doi.org/10.1111/j.1365-294X.2012.
05631.x PMID: 22680614
61. Lowe WH, Allendorf FW. What can genetics tell us about population connectivity? Molecular ecology.
2010; 19(15):3038–51. https://doi.org/10.1111/j.1365-294X.2010.04688.x PMID: 20618697
62. Waits L, Taberlet P, Swenson JE, Sandegren F, Franzen R. Nuclear DNA microsatellite analysis of
genetic diversity and gene flow in the Scandinavian brown bear (Ursus arctos). Molecular ecology.
2000; 9(4):421–31. PMID: 10736045
63. Manel S, Bellemain E, Swenson JE, Francois O. Assumed and inferred spatial structure of populations:
the Scandinavian brown bears revisited. Molecular ecology. 2004; 13(5):1327–31. https://doi.org/10.
1111/j.1365-294X.2004.02074.x PMID: 15078468
64. Landguth EL, Cushman SA, Schwartz MK, McKelvey KS, Murphy M, Luikart G. Quantifying the lag time
to detect barriers in landscape genetics. Molecular ecology. 2010; 19(19):4179–91. https://doi.org/10.
1111/j.1365-294X.2010.04808.x PMID: 20819159
65. Castric V, Bernatchez L. The rise and fall of isolation by distance in the anadromous brook charr (Salve-
linus fontinalis Mitchill). Genetics. 2003; 163(3):983–96. PMID: 12663537
66. Schulte U, Veith M, Mingo V, Modica C, Hochkirch A. Strong genetic differentiation due to multiple
founder events during a recent range expansion of an introduced wall lizard population. Biological Inva-
sions. 2013; 15(12):2639–49.
67. Nussey DH, Coltman DW, Coulson T, Kruuk LEB, Donald A, Morris SJ, et al. Rapidly declining fine-
scale spatial genetic structure in female red deer. Molecular ecology. 2005; 14(11):3395–405. https://
doi.org/10.1111/j.1365-294X.2005.02692.x PMID: 16156811
68. Herborg L-M, Weetman D, Van Oosterhout C, Hanfling B. Genetic population structure and contempo-
rary dispersal patterns of a recent European invader, the Chinese mitten crab, Eriocheir sinensis.
Molecular ecology. 2007; 16(2):231–42. https://doi.org/10.1111/j.1365-294X.2006.03133.x PMID:
17217341
Demographic and genetic connectivity in the Scandinavian brown bear
PLOS ONE | https://doi.org/10.1371/journal.pone.0180701 July 3, 2017 18 / 20
69. Austerlitz F, JungMuller B, Godelle B, Gouyon PH. Evolution of coalescence times, genetic diversity
and structure during colonization. Theoretical Population Biology. 1997; 51(2):148–64.
70. Excoffier L, Foll M, Petit RJ. Genetic Consequences of Range Expansions. Annual Review of Ecology
Evolution and Systematics. Annual Review of Ecology Evolution and Systematics. 402009. p.
481–501.
71. DeGiorgio M, Degnan JH, Rosenberg NA. Coalescence-Time Distributions in a Serial Founder Model
of Human Evolutionary History. Genetics. 2011; 189(2):579–93. https://doi.org/10.1534/genetics.111.
129296 PMID: 21775469
72. Andre´n H, Linnell JDC, Liberg O, Andersen R, Danell A, Karlsson J, et al. Survival rates and causes of
mortality in Eurasian lynx (Lynx lynx) in multi-use landscapes. Biological Conservation. 2006; 131(1):
23–32.
73. Persson J, Ericsson G, Segerstrom P. Human caused mortality in the endangered Scandinavian wol-
verine population. Biological Conservation. 2009; 142(2):325–31.
74. Liberg O, Chapron G, Wabakken P, Pedersen HC, Hobbs NT, Sand H. Shoot, shovel and shut up: cryp-
tic poaching slows restoration of a large carnivore in Europe. Proceedings of the Royal Society of Lon-
don Series B-Biological Sciences. 2011; 279(1730):910–5.
75. Gangaas KE, Kaltenborn BP, Andreassen HP. Geo-Spatial Aspects of Acceptance of Illegal Hunting of
Large Carnivores in Scandinavia. PLoS One. 2013; 8(7).
76. Rauset GR, Andre´n H, Swenson JE, Samelius G, Segerstro¨m P, Zedrosser A, Persson J. National
parks in northern Sweden as refuges for illegal killing of large carnivores. Conservation Letters. 2016;
9:334–341.
77. Jost L. D vs. G(ST): Response to Heller and Siegismund (2009) and Ryman and Leimar (2009). Molec-
ular ecology. 2009; 18(10):2088–91.
78. Ryman N, Leimar O. Effect of mutation on genetic differentiation among nonequilibrium populations.
Evolution; international journal of organic evolution. 2008; 62(9):2250–9. https://doi.org/10.1111/j.1558-
5646.2008.00453.x PMID: 18616569
79. Ryman N, Leimar O. G(ST) is still a useful measure of genetic differentiation—a comment on Jost’s D.
Molecular ecology. 2009; 18(10):2084–7. https://doi.org/10.1111/j.1365-294X.2009.04187.x PMID:
19389168
80. Ma L, Ji YJ, Zhang DX. Statistical measures of genetic differentiation of populations: Rationales, history
and current states. Current Zoology. 2015; 61(5):886–97.
81. Whitlock MC. G ’(ST) and D do not replace F-ST. Molecular ecology. 2011; 20(6):1083–91. https://doi.
org/10.1111/j.1365-294X.2010.04996.x PMID: 21375616
82. Wang J. On the measurements of genetic differentiation among populations. Genetics Research. 2012;
94(5):275–89. https://doi.org/10.1017/S0016672312000481 PMID: 23298450
83. Raeymaekers JAM, Lens L, Van den Broeck F, Van Dongen S, Volckaert FAM. Quantifying population
structure on short timescales. Molecular ecology. 2012; 21(14):3458–73. https://doi.org/10.1111/j.
1365-294X.2012.05628.x PMID: 22646231
84. Balloux F, Brunner H, Lugon-Moulin N, Hausser J, Goudet J. Microsatellites can be misleading: An
empirical and simulation study. Evolution; international journal of organic evolution. 2000; 54(4):
1414–22. PMID: 11005307
85. Ronce O. How does it feel to be like a rolling stone? Ten questions about dispersal evolution. Annual
Review of Ecology Evolution and Systematics. Annual Review of Ecology Evolution and Systematics.
38. Palo Alto: Annual Reviews; 2007. p. 231–53.
86. Aarnes SG, Fløystad I, Brøseth H, Tobiassen C, Eiken HG, Hagen SB. Populasjonsovervåking av
brunbjørn-DNA-analyse av prøver innsamlet i Norge i 2015. 2016. Contract No.: 56.
87. Gonzalez EG, Blanco JC, Ballesteros F, Alcaraz L, Palomero G, Doadrio I. Genetic and demographic
recovery of an isolated population of brown bear Ursus arctos L., 1758. Peerj. 2016; 4.
88. Perez-Gonzalez J, Carranza J. Female-biased dispersal under conditions of low male mating competi-
tion in a polygynous mammal. Molecular ecology. 2009; 18(22):4617–30. https://doi.org/10.1111/j.
1365-294X.2009.04386.x PMID: 19840261
89. Solmsen N, Johannesen J, Schradin C. Highly asymmetric fine-scale genetic structure between
sexes of African striped mice and indication for condition dependent alternative male dispersal tactics.
Molecular ecology. 2011; 20(8):1624–34. https://doi.org/10.1111/j.1365-294X.2011.05042.x PMID:
21366749
90. Debeffe L, Morellet N, Cargnelutti B, Lourtet B, Bon R, Gaillard J-M, et al. Condition-dependent natal
dispersal in a large herbivore: heavier animals show a greater propensity to disperse and travel further.
Journal of Animal Ecology. 2012; 81(6):1327–37. https://doi.org/10.1111/j.1365-2656.2012.02014.x
PMID: 22844997
Demographic and genetic connectivity in the Scandinavian brown bear
PLOS ONE | https://doi.org/10.1371/journal.pone.0180701 July 3, 2017 19 / 20
91. Gilroy JJ, Lockwood JL. Mate-Finding as an Overlooked Critical Determinant of Dispersal Variation in
Sexually-Reproducing Animals. PLoS One. 2012; 7(5).
92. Hovestadt T, Mitesser O, Poethke H-J. Gender-Specific Emigration Decisions Sensitive to Local Male
and Female Density. American Naturalist. 2014; 184(1):38–51. https://doi.org/10.1086/676524 PMID:
24921599
93. Kentie R, Both C, Hooijmeijer JCEW, Piersma T. Age-dependent dispersal and habitat choice in black-
tailed godwits Limosa limosa limosa across a mosaic of traditional and modern grassland habitats. Jour-
nal of Avian Biology. 2014; 45(4):396–405.
Demographic and genetic connectivity in the Scandinavian brown bear
PLOS ONE | https://doi.org/10.1371/journal.pone.0180701 July 3, 2017 20 / 20
